ABSTRACT: We report a family of substituted thiocarbonates, thiocarbamates, and thioureas and their reaction with cadmium oleate at 180-240 °C to form zincblende CdS nanocrystals (d = 2.2-5.9 nm). To monitor the kinetics of CdS formation with UV-vis spectroscopy, the size dependence of the extinction coefficient for λ max (1S e -1S 1/2h ) is determined. The precursor conversion kinetics span five orders of magnitude depending on the precursor structure (2˚-thioureas > 3˚-thioureas ≥ 2˚-thiocarbamates > 2˚-thiocarbonates > 4˚-thioureas ≥ 3˚-thiocarbamates). The concentration of nanocrystals formed by the nucleation reaction increases with increasing precursor conversion reactivity, allowing the final size to be controlled by the precursor structure.
INTRODUCTION
Mechanistic studies have shown that the nucleation and growth of metal chalcogenide nanocrystals are often limited by the kinetics of precursor conversion. 1 The conversion reaction thereby controls the flow of metal chalcogenide monomers into the medium where they supersaturate, nucleate, and grow into nanocrystals. 2 In this mechanistic scenario, controlling the kinetics of precursor conversion allows precise and predictable control over the nanocrystal size while optimizing the size dispersity, yield, and reaction temperature. This has inspired many precursor molecule classes such as substituted thio/selenoureas, silyl/germanyl phosphines and arsines, phosphine chalcogenides, and dichalchogenides that provide control over II-VI 1, [3] [4] [5] [6] , IV-VI [3] [4] 7 and III-V 8-10 nanocrystal syntheses.
CdS nanocrystals have been synthesized from bis(trimethylsilyl)sulfide, 11 phosphine sulfides, 12 or sulfur dissolved in octadecene. [13] [14] These precursors provide limited tunability and/or produce unwanted side products. In our attempts to synthesize CdS nanocrystals from thioureas we found that N,N'-disubstituted and most N,N,N'-trisubstituted thioureas proved too reactive toward cadmium oleate at the relatively high temperatures needed for crystal growth. On the other hand, the reactivity of most N,N,N',N'-tetrasubstituted thioureas is too sluggish at temperatures where cadmium carboxylate is stable. In order to circumvent this issue, we sought precursors with intermediate reactivity.
For this purpose we investigated the synthesis of CdS from substituted thiocarbonates and thiocarbamates. Among these, and suitably reactive thioureas, the thiocarbonate derivatives produce the narrowest size distributions, suggesting that precursors can impact both the crystallization mechanism and the solute supply kinetics.
RESULTS AND DISCUSSION
A variety of O,O'-disubsituted thiocarbonates are obtained in good yields form O-arylchlorothionoformates or thiocarbonyldiimidazole (Scheme 1 and Table 1) . 15 While the reaction of phenols and chlorothionoformate proceeds to completion after 10 min at 80 °C, the analogous reaction with thiocarbonyldiimidazole requires 16 hours in refluxing acetonitrile and trifluoroacetic acid (10 mol %) to complete the second substitution. Similarly, secondary amines react with thiocarbonyldiimidazole to provide N,N,N',N'-tetrasubstituted thioureas. Again the first imidazole substitution proceeds rapidly while the second required stirring overnight, although the reaction could be conducted at room temperature because of the greater nucleophilicity of amines. Following recrystallization from methanol, acetonitrile, or dichloromethane, analytically pure, white, microcyrstalline products are obtained in 44-76 % isolated yields. Scheme 1. Synthesis of thiocarbonate, thiocarbamate and N,N,N',N'-tetrasubstituted thiourea precursors. Table 1 . Substituted thiocarbonates, thiocarbamates, and thioureas used in this study. CdS nanocrystals were synthesized by injecting a solution of the precursors shown in Table 1 (1a-6b) into 1.2-1.5 equiv. of cadmium oleate dissolved in octadecene (10 mM) at 180-240 ˚C (Scheme 2). Oleic acid (2.4 equiv.) is added to improve the thermal stability of the cadmium oleate precursor, which occasionally decomposed to a turbid mixture when stirred in octadecene at 240 ˚C on its own. Zincblende nanocrystals with a wide range of final diameters (d = 2.2-5.9 nm) are obtained depending on the sulfur precursor used (Figures 1 and S1-S4). Reaction temperatures as low as 180 ˚C could be used without significantly broadening the nanocrystals optical features.
A Cd:S stoichiometry greater than 1:1 provides cadmium oleate ligands that passivate the nanocrystal surface and maintain the colloidal stability. Reactions that produce smaller final sizes required a greater amount of cadmium oleate (1.5 equiv.) to prevent loss of the narrow optical features toward the end of the reaction ( Figure S5 ). Similar broadening is observed in the synthesis of small diameter PbS nanocrystals if lead oleate is not present in sufficient excess. Depletion of metal oleate by the conversion reaction is thought to reduce the ligand coverage and destabilize the dispersion, particularly at long reaction times. The greater surface area to volume ratio and metal enrichment of small nanocrystals could magnify the effect. Following the synthesis, the nanocrystals are carefully purified by precipitation and centrifugation until the 1 H NMR spectrum only displays the broad resonances of surface bound cadmium oleate ligands. The oleate coverages range from 0.9-2.0 Cd(oleate) 2 nm -2 ( Figure S4 ).
To gain insight into the precursor conversion mechanism, 1 H NMR spectroscopy was used to monitor the reaction coproducts. For example, N,N,N',N'-tetramethylthiourea (6a) (δ(CH 3 ) = 3.1 ppm) reacts with cadmium oleate to produce N,N,N',N',-tetramethylurea (δ(CH 3 ) = 2.8 ppm) and oleic anhydride (δ(α-CH 2 ) = 2.47 ppm) ( Figure S6 ). Analogous O,O'-disubstituted carbonate and oleic anhydride coproducts form from thiocarbonates 1c and 1e. In both cases, these coproducts go on to other species described below. Scheme 2. Standard reaction conditions for the synthesis of CdS Nanocrystals from cadmium oleate and a sulfur precursor listed in Table 1 . Figure 1 . (A) Absorption and fluorescence spectra from CdS nanocrystals spanning a full range of sizes can be prepared by selecting the appropriate precursor. TEM of nanocrystals prepared from 1d (B) and 6a (C). Scheme 3. Coproducts of precursor conversion reaction. a a p-tolylcarbonate and oleic anhydride coproducts undergo further conversion to p-tolyl oleate and carbon dioxide via p-cresol. The formation of p-cresol suggests the process is catalyzed by oleic acid.
In the case of 1c, p-tolyl oleate and p-cresol build in concentration as the initially formed di-p-tolyl carbonate and oleic anhydride disappear (Figures 2 and S7-S8). We infer from this observation that the carbonate coproduct reacts with oleic acid and/or moisture to form p-tolyl oleate and/or p-cresol (Scheme 3). This reaction was also observed in a control experiment in the absence of nanocrystals, however, the rate is too slow to explain the results, suggesting that cadmium oleate activates the di-ptolyl carbonate toward attack (Figures S10-S11). Indeed, precedent for Lewis acid catalysis of decarboxylative esterification of carboxylic acids with dicarbonates has been established. 16 As the reaction proceeds and the di-p-tolyl carbonate disappears, p-tolyl oleate continues to build in concentration. At the same time, p-cresol persists in the product mixture, suggesting that hydrolysis of oleic anhydride and/or the di-p-tolyl carbonate by adventitious water also plays a role in the coproduct evolution. Oleic acid anhydride, on the other hand, is only present in low concentration and at early times, presumably because its reaction with p-cresol and moisture is rapid. This was confirmed by a control experiment, which is indeed rapid even in the absence of Lewis acid catalysis ( Figures S12-S13 ). These findings are consistent with the mechanistic hypothesis in Scheme 3. An analogous mechanism may explain the reaction of the N,N,N',N'-tetramethyl thiourea. Precursor conversion kinetics were also monitored using UV-vis absorption spectroscopy. The concentration of CdS can be measured from the intensity of the 1S e -1S 1/2h transition using a published size dependent extinction coefficient. 17 However, error in this extinction coefficient, particularly at small sizes, leads to erroneous yields (as much as twice the theoretical yield) ( Figure S14 ). Similar issues with the size dependent extinction coefficient of CdSe nanocrystals published in that same report have been described. 18 To estimate the extinction coefficient of the 1S e -1S 1/2h transition, CdS nanocrystals were synthesized from a variety of tri and tetrasubstituted thioureas (5a-6b). We verified, a near quantitative yield of CdS from 6a by the complete disappearance of the thiourea and by measuring the empirical formula and mass of the CdS nanocrystals (See Experimental section and Figures S4 and S9) . By assuming a 100 % conversion of the thiourea to CdS, the extinction coefficient of the lowest energy excitonic transition could be estimated at the end of the reaction ( Figure S15 ). These values are compared to the previously reported size dependent extinction coefficient in Figure 3 . Significant differences between the curves are visible at small nanocrystal sizes, which explains the erroneous yields obtained when using the previously reported extinction coefficient. A second order polynomial fit to our data is shown below (Eq. 1). It is worth noting that this approach does not account for differences in the size distribution of samples. Further studies on the intrinsic linewidth of a single CdS nanocrystals are required before differences in the size distribution can be used to modify the extinction coefficient. Figure 3 . Experimentally determined extinction coefficients made using CdS nanocrystals produced from thioureas 5a-6b.
Using our revised size dependent extinction coefficient (Equation 1), the yield of CdS from 1a-6b was monitored from timed reaction aliquots (Figures S14-S16). A single exponential fit was used to extract an observed rate constant (k obs ) for each precursor in order to understand the effect of the substitution pattern on the reactivity. However, unlike the kinetics of forming PbS and PbSe nanocrystals from thio-and selenoureas, [3] [4] in most cases, the kinetics observed here are multiexponential and the k obs represents an average of more complex behavior. Nonetheless, this approach allows the precursor reactivities to be ordered in a semiquantitative fashion. The k obs extracted from the UV-Vis kinetics for each precursor is plotted in Figure 4 below, illustrating the wide range of conversion reactivity.
Among disubstituted precursors, the conversion reactivity decreases from thiourea > thiocarbamate > thiocarbonate (Figure 4 , S17). While cadmium oleate and N,N'-disubstituted thioureas react completely in a minute or less, thiocarbonate precursors convert slowly over the course of minutes to hours. Increasing the number of substituents slows the reactivity of both the thiocarbamate and thiourea classes. For example, N,N'-disubstituted thioureas are faster than N,N,N'-trisubstituted thioureas by an order of magnitude, which are faster than N,N,N',N'-tetrasubstituted thioureas by an additional two orders of magnitude. Thus, much like in previous studies on the reaction with lead oleate, modifying the number of N-H bonds has a large effect on the reactivity. 
O
Among thiocarbonate precursors, those with electron donating substituents display faster conversion kinetics. However, ortho-substituted aryl groups inhibit the conversion step, making the 2,6-xylyl derivative (1j) much more sluggish than the related p-tolyl derivative (1c). Both observations are consistent with a conversion reaction mechanism where pre-equilibrium binding of the thiocarbonate to cadmium oleate precedes the cleavage of the S=C bond by attack at the thione carbon. An analogous mechanism leads to the cleavage of phosphine chalcogenides coordinated to cadmium oleate. 19 Figure 4. A) Ranges of precursor reactivity with cadmium oleate under standardized reaction conditions. B) Particle number vs. precursor conversion rate constant.
Previous studies of CdSe, PbS, and PbSe have shown a correlation between the precursor conversion reactivity and the number of nanocrystals; faster reactions produce a higher concentration of smaller nanocrystals. 1, [3] [4] [20] [21] [22] A similar trend is observed here, where less reactive precursors produce larger CdS nanocrystals (Figure 4) . However, precursors used in this study produce 53-89% ± 7% yields of CdS depending on the substituents, which also influences the final size. Thiocarbonates with electron deficient substituents (1h-1j) produced the lowest yields (as low as 53%), as did a slow reacting thiocarbamate (3) (62%). Other thiocarbamates proved even more problematic and are not described here. The low yield is likely the result of Miyazaki-Newman-Kwart and Schönberg rearrangements for thiocarbamates and thiocarbonates, respectively, that compete with the conversion reaction (Scheme 4). [23] [24] [25] [26] These rearrangements are accelerated by electron withdrawing substituents and are known to be faster for thiocarbamates than thiocarbonates. We tentatively conclude that these rearrangements explain the reduced the yields described above, however we were unable to determine the fate of the rearranged product in final reaction mixtures. Two observations support our conclusion: (1) heating di-p-tolyl thiocarbonate and oleic acid to the temperature used to synthesize CdS (240 ˚C) slowly produces the rearrangement product, O,S-p-tolyl thiolcarbonate (Figure S18), (2) an independently synthesized O,S'-disubstituted thiolcarbonate proved unreactive toward cadmium oleate after 6 hours at 240 ˚C ( Figure S19 ), confirming that the formation of the rearrangement product can limit the yield of CdS. Regardless, in cases were the yield is lower than 100%, we showed that additional precursor can be added to drive the reaction forward without compromising the size distribution ( Figure S20 ). Scheme 4. Isomerization of thiocarbonates and thiocarbamates via a polar transition structure. 23 Interestingly, in most cases, nanocrystals prepared from thiocarbonates display optical features that are narrower than those prepared from thiourea or thiocarbamate precursors ( Figure 5 ). The spectra of similarly sized nanocrystals prepared from thiocarbonates and thioureas are compared in Figure 5A very narrow size distributions that are not easily distinguished using transmission electron microscopy ( Figure S21) . By plotting the FWHM of the nanocrystal photoluminescence versus the peak energy a decreasing linewidth with increasing size is visible. Recent studies of PbS, PbSe, and CdSe have shown that size dependent broadening from exciton phonon coupling, exciton fine structure, and surface chemistry account for the majority of the linewidth in high quality samples. [27] [28] [29] [30] [31] We conclude that for a given size, nanocrystals prepared from thiocarbonates have significantly narrower features than those derived from thioureas and thiocarbamates. With the exception of thiocarbonates 1h-1j, the most narrow distributions across the range are created by the thiocarbonate precursors. The especially narrow distributions are present throughout the growth indicating that they are a consequence of differences in the nucleation process.
32 Moreover, we found that the proposed rearrangement coproducts can negatively influence the size distribution. For example, adding O,S-di-p-tolyl thiocarbamate to a synthesis conducted with (6a) resulted in substantially more polydisperse nanocrystals with weak photoluminescence ( Figure S23 ). This may help explain why 1h-1j, compounds which presumably form significant amounts of these rearrangement coproducts, produce broader size distributions than the other thiocarbonate precursors.
In principle, the precursor structure can be used to tune the solute supply kinetics and the final nanocrystal size, without simultaneously influencing factors such as the surface structure, surface tension, or monomer solubility. In this way, the precursor conversion reaction can be described as 'orthogonal' to the crystal nucleation and growth reactions. Other strategies to tune the nanocrystal size, such as adjusting the reaction temperature or the surfactants, influence both the precursor conversion kinetics and the nucleation and growth steps. Thus, orthogonal precursor reactivity provides greater flexibility to improve the final nanocrystal product and to probe the mechanism of nanocrystal formation. The especially narrow size distributions produced by the thiocarbonate derivatives may benefit from this orthogonality. On the other hand, precursors that produce undesirable byproducts or that coordinate the cadmium oleate, CdS monomers, or growing nanocrystal surface, may negatively (or positively) influence the nucleation phase. To understand these features and design nanocrystal better synthesis reagents, a deeper understanding of precursor reactivity is needed.
CONCLUSIONS
We introduced two new classes of sulfide precursors: thiocarbonates and thiocarbamates whose conversion kinetics to CdS nanocrystals supplement gaps in the existing thiourea library. The expanded library's reactivity with cadmium oleate now encompasses five orders of magnitude. Most excitingly, we note that thiocarbonates produce nanocrystals with narrower optical features than other precursor compounds with similar conversion kinetics, suggesting that precursor structure controls sample polydispersity in addition to conversion rate. UV-Vis spectra were obtained using a PerkinElmer Lambda 950 spectrophotometer equipped with deuterium and halogen lamps. Photoluminescence measurements were performed using a Fluoromax 4 from Horiba Scientific, and photoluminescence quantum yields were determined using a quanta-phi integrating sphere accessory according to a previously described procedure. 33 Powder X-ray diffraction (XRD) was measured on a PANalytical X'Pert Powder X-ray diffractometer. Transmission electron microscopy (TEM) was performed on a FEI T12 BioTWIN. Scanning transmission electron microscopy (STEM) was performed on a FEI Talos F200X.
EXPERIMENTAL METHODS
used without further purification. 4-Chlorophenol (99%) was obtained from Alfa Aesar and used without further purification. Pentafluorophenol
Synthesis
of cadmium oleate (Cd(oleate) 2 ). Cadmium oleate was synthesized on a 60 mmol scale according to Yang et al.
34
O,O'-bis(4-methoxyphenyl) thiocarbonate (1a). 4-methoxyphenol (8.94 g, 72 mmol), 1,1'-thiocarbonyldiimidazole (7.06 g, 39.6 mmol), acetonitrile (144 mL), and a stir bar are added to a Teflon sealable schlenk flask. Trifluoroacetic acid (0.41 g, 0.275 mL, 3.6 mmol) is added dropwise, the flask is sealed, heated to 70 ˚C in an oil bath, and left stirring overnight. The reaction is cooled and the volatiles removed under vacuum. The residue is dissolved in dichloromethane, and washed with HCl (1M), NaOH (1M), saturated brine, and dried over Na 2 SO 4 . The volatiles are removed under vacuum and the resulting solid is recrystallized from acetonitrile to yield white needles. A second crop of crystals was grown from concentrating the filtrate and crystallizing at -20 °C. Yield 5.50 g (48%). 1 Thiocarbonates (1b-1j). Thiocarbonates were synthesized using a slightly modified literature procedure 15 that is described for 1b below. It is important that pyridine is used instead of triethylamine or an undesirable side reaction results. 35 O-(4-methoxyphenyl)-O'-(p-tolyl) thiocarbonate (1b). A solution of 4-methoxyphenol (0.621 g, 5 mmol) in 10 mL of benzene is added to a solution of O-(p-tolyl) chlorothionoformate (0.933 g, 5 mmol) in 10 mL benzene. To this mixture pyridine (0.56 mL, 7 mmol) is added dropwise. The solution turns from yellow to orange, and an orange oil separates. The mixture is heated to reflux for 10 minutes and the solution becomes a pale yellow color with a white crystalline precipitate. In a separatory funnel the benzene solution is washed with water, saturated brine, and then dried over Na 2 SO 4 . Removing the volatiles en vacuo yields 1.11g of a white powder. Recrystallization from methanol yields 0.924 g (67%) of 1b as white crystals. 1 O-(4-chlorophenyl)-O'-phenyl thiocarbonate (1i). The crude material (1.0808 g) was recrystallized from acetonitrile to yield 0.796 g (60%) of 1i as white crystals. 1 Thiocarbamate Synthesis. Thiocarbamates are synthesized from a chlorothionoformate and aniline. 1 H NMR spectra show broadened lines from slow rotation about the C-N amide bond. Therefore, the NMR spectra were recorded at 273 K where two distinct sets of peaks are observed.
H NMR (400 MHz
, CD 2 Cl 2 ): δ = 7.2-7.3 (m, 4H), 7.35-7.41 (m 1H), 7.45-7.54 (m, 4H); 13 C{ 1 H} (100 MHz, CD 2 Cl 2 ): δ = 121.75, 123.44, 126.9, 128.34, 129.7, 132.25, 152
O-(p-tolyl)-N-p-tolyl thiocarbamate (2)
. pToluidine (0.2143 g, 2 mmol,) is dissolved in 10mL of ethyl acetate and added dropwise to a solution of ethyl acetate (10 mL) and O-p-tolyl chlorothionoformate (1 mmol, 0.1866 g) cooled to 0 °C in an ice bath. The mixture was stirred 10 minutes, warmed to room temperature and washed with water, saturated brine, and dried over Na 2 SO 4 . After removing the volatiles 1.27 g (98%) of a white powder was collected. The compound is subsequently recrystallized from acetonitrile to yield 0.921 g (71%) of 2 as a white powder. Because thiocarbamates begin to isomerize around 60 °C, it is important not to heat this compound during synthesis or recrystallization. 1 O-phenyl-N-methyl(phenyl) thiocarbamate (3) . N-Methylaniline (1.86 g, 1.88 mL, 17.37 mmol) is added dropwise to a solution of O-phenyl chlorothionoformate (8.69 mmol, 1.5 g) in dichloromethane (10 mL). The mixture is stirred at di-p-tolyl carbonate (7). Di-p-tolyl carbonate was synthesized according to a modified literature procedure.
36 Pyridine (0.87g, 0.88 mL, 11 mmol) is added dropwise to a solution of p-tolyl chloroformate (1.79 g, 10.5 mmol) and p-cresol (1.08 g, 10 mmol) in dichloromethane (20 mL). The mixture is then heated to reflux for 10 min. The cooled solution is washed with water, sodium hydroxide (1 M), saturated brine, and dried over Na 2 SO 4 . The volatiles are removed under vacuum and the white powder is recrystallized from ethanol to yield 0.643 g (25%) of product. 1 3H), 1.20-1.49 (m, 20H), 1.74 (quin, 2H) Synthesis of CdS nanocrystals. In a nitrogenfilled glove box, a three neck round bottom flask is loaded with cadmium oleate (0.18 mmol, 0.122 g), octadecene (14.25 mL, 11.2 g, 44.4 mmol), and oleic acid (0.102 g, 0.114 mL, 0.36 mmol,). A 4mL vial was filled with the desired sulfur precursor (0.15 mmol) and diphenyl ether (0.75 mL, 0.75 g). The three neck round bottom flask is transferred to a Schlenk line and heated to 240 °C under Ar. The sulfur precursor solution is then injected into the cadmium oleate solution and left to react for the appropriate time. The resulting nanocrystals were isolated from the reaction mixture by precipitation with acetone and centrifugation. The yellow residue is redispersed in hexane (10 mL) and acetone (5-10 mL) is added in 0.5mL portions to precipitate cadmium oleate, without precipitating the nanocrystals. This solution was centrifuged. The supernatant was collected and the nanocrystals precipitated with the addition of 25 mL of acetone. The nanocrystals were washed three additional times with toluene/methyl acetate. Nanocrystal Formation Kinetics. Quantitative aliquots of approximately 0.1 mL were taken from a CdS nanocrystal reaction and deposited into a previously weighed vial. A mass of toluene equal to 2.5x the weight of the aliquot was added to the vial to standardize aliquot concentration. UV-vis absorption spectra were taken of each aliquot and the concentration of CdS in the aliquot was calculated from the size dependent extinction coefficient at the first excitonic absorption maximum using Eq. 1. 17 Using a second method, the absorbance at 300 nm was monitored as a proxy for CdS conversion. This second method was used to assess the validity of our proposed correction to the size dependent extinction coefficient for CdS. The kinetics collected from each method was fit to a first order fit whose rate constant is reported in Figure 2 .
Cadmium Sulfide Reaction Yield Determination. A 2x reaction scaleup was performed in a 3 neck round bottom flask connected to a distillation head. At the end of the reaction, octadecene was distilled from the reaction solution and the concentrated nanoparticle solution was purified using the procedure described above. The mass of the dried nanocrystals was measured and the sample was dispersed in CDCl 3 containing dimethyl terepthalate in known concentration. By integrating the dimethyl terepthalate and alkene signal of cadmium oleate, the concentration of cadmium oleate ligands could be determined. From the oleate concentration and the mass of the nanocrystals used to make the NMR sample, the mass of cadmium sulfide could be calculated by assuming the empirical formula: 1 H NMR spectra were collected with a relaxation delay time of 30 seconds. Independently synthesized samples of coproducts were spiked into the NMR tubes to verify their identities.
Coproduct Reaction Determination. Octadecene (14.25 mL), tetraglyme (0.75 mL), and 7 (0.0363 g, 0.15 mmol,) or p-cresol (0.0162 g, 0.15 mmol) and oleic acid (0.102 g, 0.36 mmol) or oleic anhydride (0.082 g, 0.15 mmol) were combined in a 3 neck round bottom flask. The solution was degassed on a schlenk line for 10 minutes and heated to 240 °C. A starting aliquot was taken as soon as the precursors became soluble, and time was started as soon as the solution temperature hit 240 °C. 200 µL reaction aliquots were dispersed in CD 2 Cl 2 for subsequent 1 H NMR studies. 1 H NMR data is plotted with an estimated 10% error inherent to the technique.
ASSOCIATED CONTENT Supporting Information
The Supporting Information is available free of charge on the ACS Publications website.
